We propose a hypothesis that explains two apparently contradicting observations for the heterogeneity of the unfolded proteins. First, the line confocal method of the single-molecule Förster resonance energy transfer (sm-FRET) spectroscopy revealed that the unfolded proteins possess broad peaks in the FRET efficiency plot, implying the significant heterogeneity that lasts longer than milliseconds. Second, the fluorescence correlation method demonstrated that the unfolded proteins fluctuate in the time scale shorter than 100 ns. To formulate the hypothesis, we first summarize the recent consensus for the structure and dynamics of the unfolded proteins. We next discuss the conventional method of the sm-FRET spectroscopy and its limitations for the analysis of the unfolded proteins, followed by the advantages of the line confocal method that revealed the heterogeneity. Finally, we propose that the structural heterogeneity formed by the local clustering of hydrophobic residues modulates the distribution of the longrange distance between the labeled chromophores, resulting in the broadening of the peak in the FRET efficiency plot. A clustering of hydrophobic residues around the chromophore might further contribute to the broadening. The proposed clusters are important for the understanding of protein folding mechanism.
Introduction
Heterogeneity of unfolded proteins is a puzzling concept. By definition, the unfolded state of proteins does not possess fixed native structures, and is composed of heterogeneous mixtures of different conformations of polypeptides. Surprisingly, however, the extent of the heterogeneity of the unfolded protein can hardly be detected directly by standard experimental methods. This is because the ensemble averaging required for conventional experimental methods usually vanishes the information of the structural heterogeneity of proteins. Even in single-molecule measurements that do not require the ensemble averaging, the very fast conformational fluctuation of the unfolded protein averages observable over the time required for the single molecule measurements used, and gives timeaveraged structural parameters for the unfolded state. Accordingly, the unfolded proteins have been assumed as the state possessing heterogeneous conformations theoretically but behaving as a homogeneous ensemble practically.
Despite the difficulty explained above, the experimental characterization of the structural heterogeneity of the unfolded polypeptides and how the heterogeneity is reduced in each of the kinetic steps are the central information required to understand protein folding. Protein folding is the process by which unfolded polypeptide chains attain the ordered three-dimensional structures (Abaskharon and Gai 2016; Sosnick and Barrick 2011; Dill and MacCallum 2012; Udgaonkar 2013; Takahashi et al. 2016; Schuler et al. 2016) . For many proteins smaller than 100 residues, the unfolded state can kinetically convert to the folded structures rapidly in the cooperative two-state manner. The This article is part of a Special Issue on BBiomolecules to Bionanomachines-Fumio Arisaka 70th Birthday^edited by Damien Hall, Junichi Takagi and Haruki Nakamura significant heterogeneity of the unfolded state contrasts to the structural specificity of the folded state, and should oppose to the rapidity and cooperativity of the kinetic folding transitions. It is important to develop methods that can characterize the heterogeneity of proteins in the unfolded state as well as in the folding intermediate state.
To detect heterogeneity of the unfolded proteins, we recently developed a new method of single-molecule Förster resonance energy transfer (sm-FRET) spectroscopy. We were successful in increasing the time resolution of the sm-FRET measurements to less than 100 μs and in prolonging the observation to more than 5 ms, and tried to differentiate the transient conformations in the unfolded proteins that might be time averaged in the previous measurements conducted at the time resolution of~1 ms. We could detect apparent heterogeneity in the structure of the unfolded proteins that persists, to our surprise, in the time scale longer than milliseconds (Oikawa et al. 2013; Oikawa et al. 2015; Saito et al. 2016 ). The observations were confirmed at least for two protein systems and might be consistent with several single molecule results for other proteins (Kuzmenkina et al. 2005; TezukaKawakami et al. 2006; Merchant et al. 2007 ). In fact, very early investigations of the unfolded proteins by the single-molecule FRET method might even be consistent with our results (Deniz et al. 2000; Schuler et al. 2002) . However, the observed heterogeneity apparently contradicts to the recent consensus of the unfolded proteins, in which the fluctuations of polypeptides occur rapidly in the time domain shorter than 100 ns . It can be argued that the observed heterogeneity might be an artifact caused by the labeling of two chromophores to proteins in the sm-FRET measurements; however, the data showing the very fast fluctuations of the unfolded proteins were obtained for the same double-labeled proteins. To understand the sm-FRET results for the unfolded proteins and to reveal their structural heterogeneity, it is necessary to propose a comprehensive explanation of the apparently contradicting observations.
In this short review, we will first summarize the recent consensus on the properties of the unfolded proteins including the very fast structural fluctuations. We will next explain the basic principles of the sm-FRET measurements, and our recent observations demonstrating the significant heterogeneity of the unfolded state. Finally, we will propose a hypothesis in which the coupling of the local structural heterogeneity and the long-range distance distribution of the unfolded polypeptide contribute to the observed heterogeneity in the sm-FRET results. We will further discuss implications of the hypothesis to the understanding of protein folding mechanism.
Recent consensus for properties of the unfolded proteins
The unfolded state of proteins has been extensively investigated in recent years. We summarize an emerging consensus on the properties of the unfolded state of foldable proteins in the order of size, residual structures, heterogeneity, and dynamics. We limit our attention mainly to foldable globular proteins having less than 100 residues, which usually demonstrate the perfect two-state transition. The consensus is that the unfolded proteins are random coils, possess significant amount of residual structures, and fluctuate rapidly in the time scales of several tens of nanoseconds.
The most important observation for the size of the unfolded proteins is the scaling relationship between the size and chain length, indicating that the unfolded proteins in general can be categorized as self-avoiding random coils (Kohn et al. 2004 ). In the presence of high concentrations of denaturants, the radius of gyration (R g ) for the unfolded proteins determined by small angle X-ray scattering (SAXS) was demonstrated to obey the Flory scaling relationship:
where R 0 is the prefactor, N is the number of amino acid residues, and ν is the scaling factor estimated experimentally as 0.598 ± 0.028. The scaling factor near 0.6 suggests that the chemically unfolded proteins behave as random coils that take into account of the avoidance of overlap of chains in the same space. The observation suggests the absence of long-range interactions; however, it does not exclude the presence of local structures formed by the contacts between the residues close along the amino acid sequences (Fitzkee and Rose 2004) . In the absence of the denaturants, the chain might shrink as suggested in the sm-FRET measurements (Sherman and Haran 2006; Haran 2012; Hofmann et al. 2012; Schuler et al. 2016) . The collapse in the absence of denaturants contradicts to the results for the time-resolved SAXS measurements, in which the expanded dimensions similar to that obtained in the presence of denaturants were detected (Plaxco et al. 1999; Konuma et al. 2011; Yoo et al. 2012) . The discrepancy in the compactness detected by the SAXS and sm-FRET results has been the focus of intensive discussion (Watkins et al. 2015; Borgia et al. 2016; Aznauryan et al. 2016; Fuertes et al. 2017; Riback et al. 2017) . Some investigations suggested that the deviation of polypeptides from the Gaussian chain, which is a simple random coil allowing the overlap of chains in the same space and is frequently assumed to analyze the FRET efficiency data, might cause the apparent discrepancy (Maity and Reddy 2016; Song et al. 2017 ). We will return to this topic below.
The secondary structure content for the unfolded proteins in the presence of denaturant is minimal; however, a small amount of residual structures are usually detected by various spectroscopic methods (Bowler 2012; Jensen et al. 2014) . The self-avoiding statistical coil model of unfolded proteins, which assumes the propensities of the backbone dihedral angles of amino acids for the unfolded proteins are the same as that sampled from the PDB data in non-α, non-β conformations, can reproduce the radius of gyration determined by SAXS measurements and the residual dipolar coupling (RDC) data obtained by NMR spectroscopy (Jha et al. 2005; Bernado et al. 2005) . The statistical coil model assumes no long-range interactions in the unfolded proteins based on the scaling relationship observed by SAXS measurements (Kohn et al. 2004) . The model is a good first order approximation for the unfolded proteins; however, the incorporation of the longrange contacts deduced from the paramagnetic resonance enhancement (PRE) measurements is known to increase the local residual structures. In the case for the unfolded state of ubiquitin (76 residues), the RDC measurements detected that the first β-hairpin keeps the native-like structure (Meier et al. 2007 ). The combined use of the RDC and PRE data suggested that ca. 20% of the first β-hairpin as well as 10-15% of helix might be formed in the unfolded state of ubiquitin (Huang and Grzesiek 2010) . Importantly, the detected local structures are fluctuating and are usually averaged in the time scale of the NMR measurements (~milliseconds). Thus, the residual local structures are significantly populated for the chemically unfolded proteins but are fluctuating rapidly.
If we reduce the concentration of the denaturant, the residual structures sometimes become extensive and involve longrange contacts. The kinetic investigation of the loop formation and breakage in the denatured state of cytochrome c' (125 residues) demonstrated that the collapsed form of the unfolded ensemble likely possesses the native like clusters of hydrophobic residues (Dar et al. 2011) . The PRE measurements for the destabilized mutant for the N-terminal domain of ribosomal protein L9 (NTL9, 56 residues) demonstrated that the significant hydrophobic cluster is present in the absence of denaturant, whose location might be consistent with the regions of residues having higher scores of the average area buried upon folding (AABUF) (Meng et al. 2013) . AABUF reflects the hydrophobicity scale along the polypeptide chain and was proposed to determine the structure of the initial collapsed intermediate of larger proteins such as apomyoglobin (153 residues) (Felitsky et al. 2008 ) and β-lactoglobulin (162 residues) (Sakurai et al. 2017) . The thermodynamic stability of the non-local hydrophobic cluster present in the unfolded state of NTL9 was further analyzed by the careful mutant cycles (Cho et al. 2014) .
The loss of conformational entropy of polypeptides upon the folding transition is related to the heterogeneity of the unfolded state ensemble. Since the quantity is difficult to evaluate by thermodynamic experiments, the estimation requires the accurate modeling of both the native and unfolded states of proteins. Based on the self-avoiding statistical coil model of the unfolded proteins (Jha et al. 2005 ), Sosnick and his collaborators developed a method to estimate the loss of conformational entropy upon the folding (Baxa et al. 2014) . They modeled the unfolded state ensemble based on the molecular dynamics calculations with constraints of the coil libraries. For ubiquitin, the total loss of the entropy upon the folding was estimated TΔS Total = 1.4 kcal·mol −1 per residue at 300 K.
The backbone (TΔS BB ) and side chain (TΔS SC ) contributions of the entropy loss were 1.0-1.1 and 0.2-0.3 kcal·mol
, respectively. The backbone contribution, TΔS BB , is secondary structure dependent, and is 1.5 and 1.0 kcal·mol −1 for helical and sheet residues, respectively. The larger values for the helical residues reflect that the unfolded dihedral angles are mainly in the extended regions as assumed in the coil library. The large-scale dynamics of the unfolded polypeptides involving the collision of two residues occurs rapidly as demonstrated by several techniques. Early investigations based on the fluorescence quenching in the unfolded state of ribonuclease A, the loop formation kinetics of the unfolded cytochrome c, and the quenching of tryptophan triplet state by cysteine in model peptides estimated the intraresidue diffusion coefficients (D) of around 4 × 10 −7 cm 2 /s (Buckler et al. 1995; Hagen et al. 1996; Lapidus et al. 2000) . The diffusion coefficient was based on the characteristic time constant (34-40 μs) for the collision of two residues separated by 62 residues (Hagen et al. 1996) . In later investigations, somewhat different values of D ranging from 3 × 10 −7 to 6 × 10 −6 cm 2 /s were reported (Moglich et al. 2006; Buscaglia et al. 2006 , Soranno et al. 2009 ). For example, the analysis of the fluorescence lifetime in model peptides gave the D values of 4.9 ± 0.2 × 10 −6 cm 2 /s in water solution and 5.8 ± 0.5 × 10 −6 cm 2 /s in the presence of 8 M guanidinium (Moglich et al. 2006 ). The molecular dynamics calculation for the unfolded state of ubiquitin in the presence of 8-M urea calibrated by the PRE data demonstrated the segmental diffusion coefficients nearly uniform along the peptide chain averaging to D = 4.9-5.5 × 10 −7 cm 2 /s (Xue and Skrynnikov 2011) . Among the range of the coefficients, the values in the larger side was reported by using proteins doubly labeled by the donor and acceptor chromophores and by examining the cross correlation of donor and acceptor fluorescence intensities in the nanosecond time domain (ns-FRET correlation method). In the case for cold shock protein (66 residues) labeled at the two termini, the time scale causing the fluorescence intensity changes (reconfiguration time) was 20 ns in the presence of 8 M guanidium and 65 ns near the native solution, corresponding to diffusion coefficient of 5 × 10 −6 and 1 × 10 −6 cm 2 /s, respectively (Nettels et al. 2007) . Later results by the same group were consistent with the fast dynamics of the unfolded polypeptides Sorrano et al. 2012; Schuler et al. 2016) . One report suggested an extremely small diffusion coefficient at~1 × 10 −9 cm 2 /s for the denatured protein L (64 residues) in the absence of denaturant based on the quenching of tryptophan triplet state by cysteine separated by ten residues around~10 μs (Waldauer et al. 2010) ; however, the recent investigation for protein L based on the ns-FRET correlation suggested the reconfiguration time shorter than 100 ns in the absence of denaturant (Sorrano et al. 2017) . Thus, the current consensus for the time scale of the chain fluctuation involving the significant changes in the distance between the two residues of polypeptides occur rapidly in the time scale within 100 ns.
In summary, the extensive investigations lead to an emerging view for the properties of the unfolded proteins. The unfolded proteins largely behave as random coils that take into account of the avoidance of overlap of chains in the same space, in which no stable contacts are assumed to present. A certain amount of residual structures are identified to present in the unfolded state. In addition, there still remains controversy in the compactness for the unfolded state in the absence of denaturants. The very fast conformational fluctuations were conformed. Accordingly, the self-avoiding random coil with some rapidly fluctuating local structures is the accepted view for the unfolded proteins.
Single-molecule FRET investigations for the unfolded state of proteins
The sm-FRET spectroscopy is based on the labeling of two fluorescent chromophores to proteins, and on the detection of the fluorescent photons from the two chromophores separately at the single molecule level. The excited singlet state of the donor, formed upon the laser excitation, might emit a fluorescent photon or transfers the excitation energy to the acceptor in the FRET process, followed by the emission of an acceptor fluorescence photon. By obtaining the fluorescence intensities of the donor (F D ) and acceptor (F A ) chromophores emitted from single proteins, the FRET efficiency, E, can be determined by Eq. (2):
where γ is a factor determined by the ratio of the detection efficiencies of the donor and acceptor photons for the optical system utilized, and by the ratio of the fluorescence quantum efficiencies of the chromophores. If the rotational dynamics of the two dyes is faster than the time scale of the changes in the distance between the donor and acceptor chromophores R, the efficiency E becomes a function of a single variable R as described in Eq. (3):
where R 0 is a constant called Förster distance determined by the overlap integral of the donor fluorescence and acceptor absorbance spectra. Note that if the time scale of the rotational dynamics of the chromophores is comparable to that of the changes in R, R 0 becomes the function of the angles describing orientations of transition dipoles of the chromophores, making E dependent on R as well as the relative orientations of the chromophores. The method has been widely utilized to investigate the structural and dynamical properties of biological macromolecules.
It is important to point out the limitations of the singlemolecule FRET spectroscopy that affect the interpretation of the sm-FRET data for the unfolded proteins. (i) Due to the dependency of E on the 6th power of R/R 0 , the efficiency E changes sensitively to the changes of R near the Förster distance R 0 , typically~50 Å for pairs of chromophores used for single molecule measurements. However, the method is not sensitive in the regions of R below 20 Å or longer than 80 Å.
(ii) Several amino acids quench the excited state of chromophores and modulate the observed FRET efficiencies. In particular, the aromatic residues quench the excited state by electron transfers when the residues are in the vicinity to the chromophores (Chen et al. 2010) . (iii) The rotational dynamics of the two dyes is assumed to be not restricted and to be much faster than the time scale of the changes in R. If the relative orientation of the two chromophores is fixed or restricted, Eq. (3) is still valid but the Förster distance R 0 should deviate significantly from the value predicted by assuming the free rotation of the chromophores. If the time scale for the rotational dynamics of the chromophores is comparable to that of the changes in R, R 0 in Eq. (3) becomes the function of the relative orientation of the chromophores, making E the function of R and the angles describing orientations of transition dipoles of the chromophores. (iv) The accuracy of the FRET efficiency determination is limited by the numbers of observed photons, and is usually low at the single molecule level. In standard experiments, we obtain at most~100 photons from each of the donor and acceptor chromophores in a single event called burst that typically lasts a few milliseconds; however, the detected photon number, n, has intrinsic uncertainty of ± n 1/2 called shot noise determined by photon statistics. Accordingly, the FRET efficiency values obtained as the time-averaged quantity over the typical duration of 1 ms still possess significant uncertainty limited by the shot noise. Experimental results displayed as the frequency histogram of the observed FRET efficiencies (the FRET efficiency plot) usually consist of broad peaks, whose width sometimes exceeds~0.2 even for a single homogeneous component. In addition, it has been difficult to increase the time resolution of the sm-FRET measurements to less than 1 ms. (v) The value of γ is usually set to 1 by selecting the donor and acceptor chromophores and optical filters properly; however, the deviation of the γ value from unity affects the FRET efficiency plot significantly and may make the peak shape asymmetric, causing difficulties in the quantitative evaluation of the FRET efficiency values (Oikawa et al. 2015) . In the case for γ = 1 and for the peaks near E = 0.5, the peak of the FRET efficiency plot for single homogeneous component might be approximated by a Gaussian function. In other cases, the peak shapes need to be analyzed by numerical calculations based on the general formulae (Oikawa et al. 2015) .
Due to the limitations explained above, the use of the singlemolecule FRET spectroscopy data for the structural analysis of the unfolded proteins requires several assumptions (Hoffman 2016). First, by selecting the labeling site of chromophores carefully, the limitations (ii) and (iii) stated above are usually assumed to be absent. Second, the broadness of the peaks of the FRET efficiency plot is assumed to be caused solely by the shot noise and not by the heterogeneity of the observed species. If the sm-FRET measurements were conducted in the system having the γ value of 1, the peak corresponding to the unfolded state might be fitted by a Gaussian function to estimate the peak efficiency, <E>, of the unfolded state. We stress again that no heterogeneity is assumed in this data analysis, and only the single value, <E>, is obtained from the sm-FRET results. Third, the peak efficiency value <E> assigned to the unfolded state was interpreted to be the overlap of the R dependency of the FRET efficiency (Eq. (3)) and the donor-acceptor distance distribution, P(R), as described in Eq. (4):
Since the accurate functional form of P(R) is not known, an approximate function needs to be assumed. The simplest of the functions is the Gaussian chain model, a random coil allowing the overlap of chains in the same space, as described in Eq. (5):
where <R 2 > is the mean squared distance of R and is the single fitting parameter of the model. By numerically calculating the integration of Eq. (5) to match the observed efficiency <E>, the fitting parameter <R 2 > can be obtained. If the labeling sites of the donor and acceptor chromophores are both the termini, the obtained <R 2 > can be related to the radius of gyration (R g ) by <R 2 > = 6 R g 2 based on the Gaussian chain model. Thus, the compactness of the unfolded protein, first time averaged over 1 ms, and second ensemble averaged over the population of the unfolded state assuming a single homogeneous component, can be deduced by using the current method of the sm-FRET spectroscopy.
Considering the rather drastic assumptions used for the analysis of single-molecule FRET data, it might seem surprising that the analysis gave largely consistent interpretations for different unfolded proteins. Several polymer models other than the Gaussian chain model were also used and gave slightly different values of <R 2 >; however, the use of other models does not alter the results significantly (Borgia et al. 2016) . A set of data obtained for ubiquitin in the presence of 8 M urea, for example, demonstrated that the unfolded state of the protein mutants labeled at the different separations of the donor and acceptor chromophores showed the dependency of <R 2 > on the numbers of the residues between the labeled positions exactly as predicted for the random coils with excluded volume effect (Eq. (1) with ν = 0.6) (Aznauryan et al. 2016 ). Examination of the same mutants by using the ns-FRET correlation method gave the reconfiguration time shorter than 100 ns, which is consistent with the analysis of the singlemolecule FRET data assuming the perfect time averaging in the millisecond time scale (Aznauryan et al. 2016) . Thus, the use of Eqs. (3)~(5) for the sm-FRET data is currently an accepted strategy for the structural analysis for the unfolded proteins.
A possible failure of the above analysis of the sm-FRET data for the unfolded proteins might be reflected in the disagreement between the R g values deduced by the sm-FRET measurements and those by the SAXS measurements. In the sm-FRET measurements, the estimated R g values for the unfolded ensemble demonstrate significant reduction as the concentration of the denaturant was reduced. In contrast, the SAXS data for the unfolded state rather demonstrate much smaller dependency of the R g values on the denaturant concentration. The discrepancy is currently highly debated and might require further investigations (Watkins et al. 2015; Borgia et al. 2016; Aznauryan et al. 2016; Fuertes et al. 2017; Riback et al. 2017) . The use of the simple Gaussian chain model for the unfolded state for the analysis of the sm-FRET data, which was reasonable as the first order approximation given the limited information of the method, but might be too simplistic for the quantitative characterization of the unfolded proteins (Maity and Reddy 2016; Song et al. 2017 ).
Line confocal method of single-molecule FRET investigations
Among the limitations of the conventional single-molecule FRET method for the structural characterization of the unfolded proteins, the most critical is the small photon number available from one molecule in a single event, limiting the accuracy and the time resolution of the FRET efficiency measurements. Due to the small number, we can obtain only the time averaged FRET efficiency E from a single event typically averaged for~1 ms, which still contains significant uncertainty due to the shot noise. To reduce the uncertainty, all the samples in the unfolded ensemble are assumed to possess the same FRETefficiency <E>, which was estimated by fitting the peak by a Gaussian function. Accordingly, the ensemble and time averaged FRET efficiency <E> is used for the analysis of the unfolded proteins. We also explained that the very rapid conformational fluctuations elucidated for the unfolded proteins rationalizes the use of the single and averaged value of <E>, since the single molecule properties should be time averaged in the time region longer than microseconds. In this section, we will discuss our recent efforts to increase the time resolution and the observation duration in the single-molecule FRET detection, and the apparent heterogeneity of the unfolded proteins that contradicts to the accumulated observations for the unfolded proteins.
To improve the time resolution and the observation duration, we developed a new method for the detection of singlemolecule fluorescence. We discovered, by chance, that it is possible to increase the number of photons available from single molecules by flowing sample molecules rapidly along the microfluidic channel and by irradiating the excitation laser in the line shape along the flow channel (Oikawa et al. 2013) . We detect fluorescence photons from single molecules flowing along the channel by imaging the flow path to an imaging detector. For the conventional method of single molecule detection, the elimination of the background light is important and is achieved by using a narrow hole placed at the focal plane. Instead, we used a slit to reduce the background light and to image molecules flowing along the line shaped excitation light. In this line confocal optics, it is possible to detect more than several thousands of fluorescence photons per millisecond easily. In addition, it is possible to observe single molecules continuously for more than 5 ms. Due to the increase in the photon numbers, it becomes possible to improve the time resolution from 1 ms of the previous method to less than 100 μs in the new method. In addition, the increased photon numbers enabled us to reduce the shot noise in the data time-averaged for one millisecond. We discussed the mechanism of the increase of the photon numbers, the optical systems used and the method of the data analysis in our previous publications (Oikawa et al. 2013; Oikawa et al. 2015; Saito et al. 2016 ). In the most recent improvement of the method, we achieved the time resolution of 10 μs and the observation duration of~5 ms (Oikawa et al. 2018) .
So far, we have investigated the unfolded state of two proteins by using the line-confocal method of the sm-FRET spectroscopy. The first is the B domain of protein A (BdpA), which is a single-domain three-helix bundle composed of 63 residues (Oikawa et al. 2015) . To our surprise, the width of the peak ascribed to the unfolded state of BdpA did not agree with the width predicted from the shot noise (Fig. 1) . The width of the unfolded state peak in the FRET efficiency plot at the fastest time resolution (120 μs) might be consistent with that of the shot noise limited peak (Fig. 1a) . However, the data averaged for 2 ms showed the peak width broader than that of the shot noise limited peak (Fig. 1b) , implying that the apparent heterogeneity of the unfolded state for BdpA. The sm-FRET traces observed for the unfolded state also demonstrated the heterogeneity. The traces for different molecules possessed slightly different FRET efficiencies, but kept constant efficiency over the observation period of several milliseconds (Fig. 1c) . This demonstrates that the apparent heterogeneity of the unfolded state lasts for more than several milliseconds. As the second example of the unfolded proteins, we investigated ubiquitin and again observed the broader peak width for the unfolded state (Saito et al. 2016 ). The FRET efficiency values for the unfolded ubiquitin differ from molecule to molecule but are constant over the observation period. We suggested that the very slow dynamics occurring in the time domain longer than several milliseconds might equilibrate the unfolded state of ubiquitin. The FRET efficiency plot for ubiquitin observed by us looked consistent with those reported by other groups, although the latter data were based on the conventional system and could not reveal the heterogeneity (Aznauryan et al. 2016) . The results for the two proteins suggest that the heterogeneity might be a frequent observation of the unfolded proteins. While previous sm-FRET experiments were conducted under the limited number of photons based on the conventional confocal microscope, the observed peak width for the unfolded proteins were frequently broader than the width determined by the shot noise (Denitz et al. 2000; Schuler et al. 2002; Kuzmenkina et al. 2005; Tezuka-Kawakami et al. 2006; Merchant et al. 2007 ). One of the first single-molecule FRET results of the unfolded state demonstrated the broadening of the peak for the unfolded cold shock protein (68 residues) beyond the shot noise limited width (Schuler et al. 2002) . A similar broadening for the unfolded peak was pointed out for chymotripsin inhibitor 2 (64 residues) (Denitz et al. 2000) . The unfolded state of ribonuclease HI (155 residues) was shown to possess heterogeneous peak width, in which the jumps among different unfolded subpopulations occurred in the time scale of seconds (Kuzmenkina et al. 2005) . The FRET efficiency plot for the unfolded state of protein L was reported to be broader than the peak limited by the shot noise, whose fluctuation was assumed to occur in the time scale longer than several milliseconds (Merchant et al. 2007 ). These results strongly suggest that the apparent heterogeneity is, at least, a frequent observation for the unfolded state.
In summary, the single-molecule investigation for BdpA and ubiquitin based on the line confocal method of the sm-FRET spectroscopy revealed significant heterogeneity for the unfolded state. The heterogeneous structures should possess lifetimes longer than a few milliseconds. The fast time resolution and the long observation time achieved by the line confocal method were the key advancements that enabled us to reveal the heterogeneity; however, the heterogeneity was actually reported repeatedly in the past investigations based on the conventional method. The results suggest a striking conclusion that the unfolded state of proteins might be significantly heterogeneous in the surprising time scales slower than a few milliseconds.
Hypothesis: the coupling of the local clusters and the long-range distance distribution
The apparent heterogeneity of the unfolded state demonstrated in the line confocal method of the sm-FRET spectroscopy implies that the structural transitions among different conformations of the unfolded state might occur in the time domain longer than several milliseconds; however, the heterogeneity clearly contradicts to the fast conformational fluctuations reported for many unfolded proteins. If the conformational dynamics of polypeptides occurs in the time domain shorter than 100 ns as demonstrated in the ns-FRET correlation method, the donor-acceptor distance measured by the sm-FRET spectroscopy should be time averaged in the observation time of 100 μs. In this section, we propose a hypothesis that explains the apparently contradicting observations for the unfolded proteins. The hypothesis is composed of four proposals.
First, to explain the origin of the heterogeneity, we propose that a local structural heterogeneity that lasts more than several milliseconds is present in the vicinity of the labeling site of the unfolded proteins. The local structure likely involves hydrophobic residues and differs slightly from molecule to molecule, causing the origin of the heterogeneity. The lifetime of the residual structures in the unfolded proteins is usually considered to be shorter than 1 ms. However, in one example, the RDC measurement for the unfolded state of lysozyme reported the presence of several clusters, one of which containing two consecutive tryptophan residues possesses a lifetime up to milliseconds (Klein-Seetharaman et al. 2002; Sziegat et al. 2012) . Accordingly, we propose that the lifetime of the local clusters in the absence of denaturant can be longer than 1 ms. The proposed local clusters might be formed in the absence of the chromophores. However, considering a large size of the chromophores used for single molecule fluorescence studies, the clusters might also be formed around the labeled chromophores. For example, the fixation of Alexa488 to the polyproline backbone was proposed to explain the heterogeneity in the single-molecule FRET data for the polyprolines (Hoefling et al. 2011) . Accordingly, we propose that the association of the chromophore to hydrophobic side chains or to main chain for prolonged period also occurs. Formation of the relatively stable local structures that may or may not involve the chromophore-polypeptide interaction is the first important proposal of the current hypothesis.
Second, we consider the case that the local clusters are separated from the chromophores, and that the rotation of the chromophores is not restricted and is much faster than the dynamic changes in R. To link the structural heterogeneity of the local clusters and the observed broadening of the FRET peak assigned to the unfolded state, we propose that the local clusters modulate the donor-acceptor distance distribution, P(R), causing slightly different forms of P(R) from molecule to molecule. Considering the very fast dynamics revealed for the unfolded proteins, the local cluster formed by the association of hydrophobic residues should also collide frequently to other hydrophobic residues located separately along the sequence, and forms the transiently associated conformations. The frequency of the association and the lifetime of the associated conformation should modulate the shape of P(R). If the structure of the local cluster is heterogeneous as we assumed above, the frequency of the association and the lifetime of the associated conformation should also be modulated by the local structural heterogeneity, and can cause heterogeneity in the shape of P(R). In the standard analysis for the unfolded state FRET data, we assume a common polymer model for the entire ensemble of proteins. We propose that different functional forms of P(R) depending on the local structural heterogeneity explain the data of the unfolded state. We stress that the modulation of P(R) will not change the very fast reconfiguration time of the unfolded polypeptides. The direct coupling of the local structural heterogeneity and the long-range distance distribution is the second important proposal of the current hypothesis.
Third, we next consider the case where the local clusters are formed around the labeled chromophores. In this case, the local dynamics of the chromophore should be restricted and become much slower, and the assumption for the use of Eq. (3), the separation of the time scales for the rotational dynamics of chromophores and the dynamics of the interchromophore distance R, might no longer be valid. It can be argued that even if the local clusters might restrict the free rotation of one or both of the donor and acceptor chromophores, the relative orientation of the two chromophores should still change very rapidly considering the structural flexibility of the unfolded polypeptides intervening the two chromophores. The argument might be correct for a fraction of molecules having longer values of R; however, for the other fraction of molecules having shorter values of R, the rotation of the chromophores should be restricted due to the larger numbers of intra-protein contacts. In an extreme case, the relative orientation of the two chromophores might be fixed in the conformation having short R. Accordingly, the local structural heterogeneity around the chromophores can cause heterogeneity in the relative orientation of the two chromophores for the conformations having short R, and results in the broadening of the peak in the FRET efficiency plot. The enhanced broadening effect in the FRET efficiency plot due to the fixation of the rotational dynamics of chromophores is the third proposal of the hypothesis.
Fourth, to further link the local structural heterogeneity and the observed broadening of the peak in the FRET efficiency plot for the unfolded proteins, we propose that the local and heterogeneous cluster surrounding the labeled chromophores quenches the excited singlet state and causes the heterogeneity in the fluorescence quantum yield of the chromophores. The similar heterogeneity in the sm-FRET peak reported for the double-stranded DNAs labeled by donor and acceptor chromophores was explained in terms of the variance of the fluorescence quantum yields (Deniz et al. 1999; Holden et al. 2010; Kalinin et al. 2010) . The aromatic side chains are known to quench the fluorescence of chromophores used for single molecule spectroscopy (Chen et al. 2010) . Accordingly, the heterogeneity in the local structures surrounding the chromophores can cause the heterogeneity in their fluorescence quantum yields. The heterogeneous modulation of the photophysical properties of the labeled chromophores by the local structural heterogeneity is the fourth important proposal of this hypothesis.
In summary, to explain the apparent contradiction reported for unfolded proteins, the broad peaks in the FRET efficiency plot obtained by the sm-FRET spectroscopy and the very fast reconfiguration time observed by the ns-FRET correlation method, we first hypothesized that the local hydrophobic clusters might be present in the unfolded proteins in the absence of denaturant. The clusters are heterogeneous and last for more than a few milliseconds. Second, we proposed that the local clusters further modulate the long-range distance distribution of the donor and acceptor chromophores and cause the peak broadening of the FRET efficiency plot. The coupling of the local clusters and the long-range distance distribution is reminiscent of the proposal by Shortle (2002) . Based in the correlation between the RDC data for proteins in the native and denatured conditions, he proposed that the local steric interactions might restrict the conformation of the denatured proteins to possess the native like topology (Shortle and Ackerman 2001; Ohnish et al. 2004) . Third, the fixation of the rotational dynamics of the chromophores to the local clusters further broadens the peak in the FRET efficiency plot. Fourth, the changes in the fluorescence quantum yields of the labeled chromophores due to the quenching by the surrounding chromophores might further contribute to the peak broadening of the FRET efficiency plot. The proposals two to four are compatible with the very fast reconfiguration time of the unfolded proteins. Accordingly, the presence of local structural heterogeneity and its coupling to the long-range distance distribution can explain the apparent contradiction reported for unfolded proteins.
Roles of the local heterogeneous clusters in protein folding
Based on the peak broadening observed in the FRET efficiency plots for the unfolded proteins, we proposed the presence of the local heterogeneous clusters in the unfolded state of proteins. The local clusters might be inherent to the unfolded proteins; however, the cluster might be formed artificially around the labeled chromophores. Considering the widespread use of labeling of chromophores and considering the impact of the local heterogeneous clusters in protein folding, it is critically important to distinguish the two possibilities. Several lines of indirect evidence rather suggest that the former possibility is more likely. For example, the reported stability of the labeled proteins was not significantly different from that of the non-labeled proteins (Deniz et al. 2000; Schuler et al. 2002; Saito et al. 2016) . That the kinetic folding of the labeled proteins was comparable to that of the nonlabeled protein was confirmed in several systems. However, these observations do not rule out the possibility that the labeling causes the heterogeneity. While we are in the opinion that the slow structural heterogeneity is present even in proteins without the labeling of chromophores, further critical examinations of the two possibilities are important.
If slowly fluctuating elements of local structures are proven to be inherent feature of unfolded proteins, then this finding would have a significant impact for the mechanism of protein folding. Here, we limit ourselves to propose one experiment that should reveal the roles of the heterogeneous cluster in the kinetic folding. By combining the microfluidic mixing system and the line confocal method of the sm-FRET spectroscopy, we can expect to track the process occurring after the rapid dilution of the denaturant. It may be possible to distinguish if all the heterogeneous conformations of the unfolded state convert to the native state at the same rate or if some of the unfolded state conformations preferentially convert to the native state. Efforts toward this goal are currently in progress in our laboratory.
